Introduction
Cassava native starch shows amylose contents between 15 -25% depending on cultivars and growth conditions (Sánchez et al., 2009 ), its functional properties are similar to those of waxy (amylose-free) corn starch, with minor differences in gel formation capacity and flavor (Breuninger, Piyachomkwan, & Sriroth, 2009 ). Transgenic genotypes (from TMS60444 and Adira 4 of African and Indonesian origin, respectively) producing low amylose starch have been obtained through inhibition of the enzyme (GBSSI) responsible for the amylose synthesis these new (Koehorst-van Putten et al., 2012; Zhao, Dufour, Sánchez, Ceballos, & Zhang, 2011) . The discovery of a waxy starch cassava (AM206-5 clone), is the product of a spontaneous mutation identified after self-pollinating a large number of accessions from the germplasm collection (Ceballos et al., 2007) . Additional sources of waxy starch in cassava have recently been reported (Morante et al. 2016 ). This starch has 0% of amylose, high crystallinity (40%), more organized structure (Rolland-Sabaté et al., 2013) and similar properties to waxy corn starch (Rolland-Sabaté et al., 2012) .
Phase transitions such as melting are important parameters in starches since they explain aspects of their behavior in food products subject to heat treatments (Núñez, Sandoval, Müller, Della Valle, & Lourdin, 2009 ). The thermal characterization of starches was developed primarily using Differential Scanning Calorimetry (DSC) (Biliaderis, Page, Maurice, & Juliano, 1986; Contreras-Gallegos, Domínguez-Pachecho, Hernández -Aguilar, & Carballo-Carballo, 2015; Cruz-Orea, Pitsi, Jamée, & Thoen, 2002) . The transitions associated to the melting have shown one or two endotherms (P1 and P2) at different moisture contents for starches of different botanical origin (Biliaderis, 2009; Donovan, 1979; Garcia et al., 1996; Núñez et al., 2009) .
Under the Flory-Huggins theory for semicrystalline polymers, Donovan and Lelievre described the melting as a process that presents itself in equilibrated conditions (Lelievre, 1974) . However, other authors have stated that these starch phase transitions are processes in no equilibrium controlled by the glass transition of the amorphous domains. Despite some limitations identified in this theory, the Flory-Huggins analysis can be used to simulate the thermal behavior in practical applications such as extrusion and baking (Núñez et al., 2009 ).
The glass transition is a second order thermodynamic phenomenon, known as a physical change of the amorphous zones from a vitreous condition (state) to a viscous rubbery fluid (Slade and Levine, 1993) . Therefore, glass transition temperature (T g ) controls, to some degree, time-dependent physical changes as structural and textural transformations. T g value is dependent on composition, thermal history, molecular weight and techniques used (Biliaderis, 1991; Roos & Karel, 1991; Roos & Jouppila, 2003; Slade & Levine, 1993) .
The conventional methods to evaluate T g (DSC and dynamic mechanical thermal analysis -DMTA) were used for this study. Other techniques (like nuclear magnetic resonance, electric spectroscopy spin resonance dielectric spectroscopy, dynamic rheometry, inverse gas chromatography, among others) are available but were not used here (Abiad, Carvajal, & Campanella, 2009; Blanshard, 1995) .
The first attempt to predict T g was made by Van den Berg in 1981. T g on native and pregelatinized wheat starch with water contents between 13-22% has been reported (Roos, 1995; Zeleznak & Hoseney, 1987) . Extrapolated values for anhydrous starch, maltooligosaccharides, amylose and amylopectin have been estimated (Orford, Parker, Ring, & Smith, 1989) . The latest research has focused on starch mixes and plasticizers of interest to the food industry. T g evolution during the storage or its effect in different processes has been explored (Chaudhary, Adhikari, & Kasapis, 2011; Farahnaky, Farhat, Mitchell, & Hill, 2009; Sandoval, Nuñez, Müller, Della Valle & Lourdin, 2009; García, Famá, Dufresne, Aranguren, & Goyanes, 2009; Guo, Liang, & Du, 2011; Homer, Kelly, & Day, 2014) .
The main objective of this study was to determine the phase transitions associated with the melting and glass transition temperatures of a new waxy cassava starch (WXCS) with different water contents and in comparison with a waxy corn starch (WXMS). This information is useful to continue exploring new applications of this new cassava starch in the food and materials industries. (known locally as -rallanderías‖) was used for extraction (Da et al., 2013; Tran et al., 2015) and preparation of WXCS. WXMS samples were donated by Ingredion ® industries (Cali, Colombia). Sampling of starch took place by the quartering method. The moisture contents of native WXCS and WXMS were 11.8 ± 0.2% and 10.8 ± 0.1 % wet weight basis, respectively. The physicochemical (Ceballos et al., 2007) , structural (Rolland-Sabaté et al., 2012) , molecular and supramolecular (Rolland-Sabaté et al., 2013) characterizations of WXCS have already been reported.
Materials and methods

Preparation of gelatinized starch films
Native starches were mixed with distilled water to adjust their moisture content to 30 %, wet weight basis. The starches were then placed in a plate mold (100 x 100
x 0.53 mm) within a molding press with two heating plates (Pinette, France), and gelatinized at 170 bar and 135 ± 2 °C for 6 min. The films were then stored under different controlled relative humidity atmospheres (K 2 CO 3 , NaBr, CuCl 2 , KCl, BrCl 2 ) for 19 days at 25 °C. The equilibrium moisture contents after 19 days were measured by thermogravimetric analysis with a heating rate of 10 °C.min -1 up to 130 °C and holding 30 minutes. The equilibrium moisture contents were: 10.0 ± 0.1% (K 2 CO 3 ), 11.2 ± 1.0% (NaBr), 12.9 ± 0.4% (CuCl 2 ), 14.5 ± 0.2% (KCl), 16,4 ± 0.2% (BrCl 2 ) (cassava starch films) and 10.5 ± 0.7% (K 2 CO 3 ), 11.9 ± 0.2% (NaBr), 13.4 ± 0.5% (CuCl 2 ), 15.2 ± 0.9% (KCl), 16.8 ± 0.3% (BrCl 2 ) (corn starch films).
Methods
Crystallinity
An X-ray diffraction machine model X'Pert PRO ALPHA1 (PANalytical, USA) was used to analyze crystallinity. Native starch powders were exposed to X-ray beams (Cu Kα radiation λ = 1.5405Å) of 45 kV y 40 mV, divergence and scattering openings = 0.125, receiving opening was 0.10 mm, the 2 angle was scanned over a range of 5 to 30, with a step of 0.02°. The data were normalized by subtracting empty holder background with software Match! 2 ® (Crystal Impact GbR) and smoothened by the method developed by Savitsky-Golay in 1964. The relative crystallinity was estimated as the total area of the peaks in relation to the total surface of the diffractogram (Nara & Komiya, 1983; Wang, Bogracheva, & Hedley, 1998 ).
Thermal properties: Gelatinization and Melting of native starch powders
Starch-water solutions were prepared with a 1:3 (w/v) ratio in stainless steel pans (100 µl -30 bar). A Perkin Elmer Pyris 6 with nitrogen as purge gas (20 (Liu et al., 2006) .Standard error estimation (SEE) and relative standard deviation (RSD) were estimated. The water volumetric fraction was obtained by (Donovan, 1979) :
( 1) where MC is the fraction moisture content (w.b), ρ: granular starch density, taken equal to 1.5. All measurements were done in duplicate. 2013). Native waxy maize starch (WXMS) showed only A type crystallites, a typical characteristic of cereal starches (Zobel, 1988) .
The level of crystallinity of WXCS (40%) was similar to the one reported by Rolland-Sabaté et al., (2012) . However it was lower than genetically modified waxy cassava starch (49%) which had a 6% amylose content (Gomand et al., 2010) .
There have also been reports of crystallinity ranges between 38 and 40% for cassava starches with amylose content ranging between 17 and 21% (Nuwamanya, Baguma, Emmambu, & Patrick, 2009 : Rolland-Sabaté et al., 2012 .
The crystallinity of WXMS (39%) was similar to the one reported in previous works (Cai & Shi, 2010; Cheetham & Tao, 1998) . Low reflections at 2 9.9 and 11.2
were observed on diffractogram. Also strong reflections at 15 and 18 and various peaks over 23 were detected ( Figure 1A) . 
Gelatinization and Melting
In excess water, the two native starches ( Figure 1A & 1B) had an onset gelatinization temperature (T o ) about 66.6 C without significant differences.
However, the peak (T p ) and end (T e ) temperatures showed significant differences.
This behavior may be explained by the hydration, swelling and destruction processes of the WXCS granule which were faster compared with WXMS.
Figure 2. Gelatinization thermograms of waxy cassava (A) and waxy maize (B)
starches at different moisture contents (% w/w). Water volumetric fraction is shown in parentheses on the graphs. Heating rate: 3°C.min 1 .
Lower T p and T e , i.e. a narrower gelatinization peak, can also indicate a more homogeneous size distribution of the starch granules and crystallites within them.
The gelatinization enthalpies (H) are related to the net energy required to complete the swelling, melting of crystallites (endothermic event), hydration and reordering (exothermic event). In this study the H of both waxy starches varied around 18.6 J.g -1 and averages were not statistically different.
For WXCS, the T o , T p , T e , H values were slightly higher to the ones described for the same source (Ceballos et al., 2007; Rolland-Sabaté et al., 2012) . This difference can be due to the age of the plants harvested for this study, ordinary seasonal environmental variation, or slight changes in the extraction process (Moorthy, 2004) . The WXCS and WXMS gelatinization enthalpies had the same values. They were greater than those measured on cassava starches with amylose content between 18-20%, as well as those for waxy cassava starches (Rolland-Sabaté et al., 2012) . This result is probably due to the fact that double helix structures in waxy starches are more organized and stable than in starches containing amylose (Rolland-Sabaté et al., 2012) .
The thermal behavior was influenced by the moisture content studied in the interval [8, 50 % w/w]. As expected, thermograms presented, a decrease in the melting temperature of crystallites, when the water volumetric fraction increased (Figure 2A and B for cassava and maize, respectively). The main factor increasing T m is a reduction of the free water available. The level of energy necessary to break the crystalline structure, therefore, increases considerably (Schirmer, Jekle, & Becker, 2015) .
For WXCS at low moisture content (e.g. v < 0.20) only one endotherm (called P2)
can be observed. When the water volume was incremented, multiple melting profiles (P1 and P2) were present, implying that they respond in different forms according to the starch-water system (Figure 2A) . The Flory-Huggins equation Farhat & Blanshard, 1997 ) was used to model the effect of water content over melting temperature :
Where is the equilibrium melting point of anhydrous starch; R is the gas constant; is the polymer melting heat; and are the molar volumes of solvent (water) and polymer, respectively; Ʋ 1 is the volumetric fraction of solvent;
is the Flory-Huggins interaction parameter, and were obtained by minimization. (Garcia et al., 1996) The plot of 1/Tm as a function of Ʋ 1 confirmed the fit between our experimental data and the model (Figure 3 ). Our data also matched with previous works (Barron 1999; Garcia et al. 1996) .
Figure 3.
Plot of melting data according to the Flory-Huggins equation for the determination of (computed from the intercept at volumetric fraction Ʋ 1 =0). The experimental data show a high correlation (R²) ( Table 1) that the WXMS-water system (0.12) is more stable and homogeneous than WXCS (0.34).
The behavior of both water-starch systems (WXCS and WXMS) was similar to those reported for potato (Donovan, 1979) , cassava (Garcia et al., 1996) , rice and waxy maize starches (Liu, Xie, Yu, & Chen, 2006) . Two endotherms (P1 and P2) for water volumetric fractions between 0.45 and 0.60 can be observed. These transitions reflect the fusion of organized domains of amylopectin chains. Some authors have attributed the first transition (P1) to a destabilization of crystallite-containing granules by the stress created from the adjacent amorphous region which is hydrated and fully swollen (Donovan, 1979) . In other words, after melting, the polysaccharides in the amorphous region absorb the available water which is then less available for the remaining nongelatinized granules. The effective water concentration is further reduced and, consequently, the gelatinized granules melt at even higher temperatures thus originating a second transition (P2) in agreement with the polymer-diluent interactions theory .
The value for WXCS was 256 °C (Table 1) , similar to the values reported for cassava starch with amylose (254 °C) (Garcia et al. 1996) , waxy rice starch (252 °C) , and higher than potato starch (221.5 °C), oatmeal (214 °C) and wheat (291 °C) (Núñez et al., 2009 ). The ΔH u for WXCS (Table 1) was slightly lower than normal cassava starch (38.2 kJ.mol -1 ) and higher than rice, potato, and oatmeal. Predicted ΔH u for WXMS (47.6 kJ.mol -1 ) was superior to WXCS (34.6 kJ.mol -1 ) probably because of its more stable crystalline structure. It has been reported that the size, crystallites perfection and amorphous zones have an impact on the thermal stability (Biliaderis, 2009) . WXMS melting temperature associated to T e or temperature where the endotherm ends are a bit higher than for WXCS ( Figure 1B) , due probably to the fact that WXMS only For both WXCS and WXMS, T g decreased with increasing moisture contents ( Figure 4A) , as predicted by the plasticizing effect of water (Kalichevsky et al., 1992; Bizot et al., 1997; Chaudhary et al., 2011) .
The presence of mobile water molecules has been evidenced by Nuclear Magnetic Resonance (NMR) on starch chains at 14-17% moisture content (w.b.) for cassava and potato starches, demonstrating the beginning of the plasticization (Chatakanonda, Dickinson, & Chinacohoti, 2003) . The Couchman-Karasz model was applied to the DSC data to predict the water effect on the glass transition temperature ( Figure 4B ) (Bizot et al., 1997; Y. H. Roos, 1995) :
Where, W 1 , W 2 : mass fractions, T g1, T g2 : glass transitions temperatures, Cp 1 , Cp 2 : heat capacity change, in this case, for pure starch and water respectively.
The regression parameters for the anhydrous T g of WXCS and WXMS were comparable ( Figure 4B ), with T g (anhydrous) = 189.7 ± 19.7 C and Cp = 0.43 ± 0.06 J g -1 K -1 for WXCS (R 2 = 0.96); and T g (anhydrous) = 197.5 ± 31.5 C and Cp = 0.44 ± 0.10 J g -1 K -1 for WXMS (R 2 = 0.93).
The values of anhydrous T g ( Figure 4B ) were lower than that reported by Orford et al., (1989) for waxy maize starch starch (227±10C) but slightly higher than the one presented for cassava starch (Sandoval, 2006) Similarly, the Cp values observed agree with those reported in previous studies (Kalichevsky et al., 1993; Orford et al., 1989; van der Sman & Meinders, 2011; Zimeri & Kokini, 2003) . The experimental and extrapolated values of T g for WXCS and WXMS were comparable and no significant differences were found between them, which may be related to the similarities in the structure of amylopectin chains reported by Rolland-Sabaté et al., (2012) .
WXCS and WXMS state diagrams obtained with the Flory-Huggins and
Couchman-Karasz models are presented on Figure 4C . This is a useful information for processes such as extrusion, where moisture content and temperature, and hence glass transition and rubber modulus, represent key control factors for the expansion phenomenon that occurs at the extruder die when the material acquires its texture.
Dynamic Mechanical Thermal Analysis (DMTA)
The glass transition temperature, measured as T , increased in both starch sources as moisture content decreased in the water-starch systems. This is a typical relaxation behavior when the plasticizing effect changes. Similar results have been reported in maize starch and amylopectin with multiple crystallinity degrees (Kalichevsky, Jaroszkiewicz, Ablett, Blanshard, & Lillford, 1992) .
In this study T  DMTA values were 10 to 20°C higher than those reported by Kalichevsky et al. (1992) . This result may indicate that some moisture loss occurred even though the samples were protected with Teflon ® grease.
The T  measured by DMTA (90-100°C) were also higher than the T g obtained by DSC. Kalichevsky et al. (1992) Curves of tan  for amorphous WXCS (11.2 -12.9 %w/w) and WXMS (13.4 %w/w), displayed a small initial transition in the range 65.8 -73.9°C (Figure 5 ). At higher moisture contents, the same phenomenon was observed, but with less reproducibility.
T  values at different water contents ( Figure 6) were fitted with the Gordon-Taylor model to predict anhydrous T g (noted T g1 ) of WXCS and WXMS:
(
Where, W 1 , W 2 : mass fractions and T g1, T g2 : glass transitions temperatures of pure starch and water respectively, K is a constant. All the temperatures are expressed in Kelvins (Roos, 1995) . The T g1 (Table 2) of WXCS as WXMS (anhydrous state) were close to those reported by Roos and Karel (1991) for wheat starch (243°C) and lower than those reported for wheat, maize, and rice extrudates (281°C) by Bindzus et al. (2002) . T  (tan ) and T  (E') values obtained were between 29 -38 °C and 16 -18 °C greater than T g measured by DSC. The T  (E') were similar to the ones found for cassava starch with 38  1% crystallinity (Perdomo et al., 2009 ) and cassava starch films (Chang, Cheah, & Seow, 2000) , which may be due to partial starch retrogradation in the films during their equilibration with salt solutions. The value of the K parameter depends on the change in the thermal expansion coefficient (α) as the glass transition occurs. The values found in this study are close to the ones reported by Roos y Karel (1991) in wheat (K= 5.2) and pea starches (K= 4.281.46) for binary starch-water systems (Pelgrom, Schutyser, & Boom, 2012) .
Conclusions
The 
